Fine-grained cement-based composites used in civil engineering and construction industry are usually made of cement-based matrix and natural aggregate (such as sand, gravel, crushed stone, etc.). Red ceramic waste aggregate is considered as a perspective replacement of a part of natural aggregate in modern environmentally oriented building materials. Fine-grained cement composite with natural aggregate partially replaced by ceramic waste aggregate usually show different mechanical fracture characteristics from ordinary fine-grained concrete. The specimens were tested at six different ages. This was the reason for conducting the research programme. Altogether, 6 fine-grained cement mixtures with various proportions of natural and red ceramic waste aggregate were prepared. The aim of this paper is to present and compare mechanical fracture properties obtained from static and fatigue tests.
Introduction
Concrete is considered the second (after water) most utilized material in the world. It was estimated that the world uses twenty-five billion tonnes of concrete every year [1, 2] . Concrete is the mixture of cement, aggregate and water in which the aggregate constitutes 65-80 % of total volume. The increase in industrialization and urbanization rates due to economic and population growth has turned construction industry into one that consumes the most of natural resources and generates solid waste that negatively impacts the environment [3] . It is justified to affirm that the use of recycled aggregate is a way to reduce the impact concrete production may cause to the environment [4, 5] . Incorporating the maximum possible amount of recycled material in concrete would contribute to the reduction of greenhouse gases emission as well as to minimize the amount of energy spent in concrete production. Kumar Sharma et al. [6] mentioned that for the concrete containing polished granite waste, concrete with up to 20 % of natural coarse aggregate substituted by granite waste could be recommended for all applications, while concrete with 20 % to 40 % of natural coarse aggregate substituted by granite waste could be recommended for non-structural applications, pavements etc.
Ceramic is one of the oldest and most commonly harnessed material in the history of mankind. It has been used for multiple and varied applications such as pottery, chinaware and sanitary ware [7, 8] . Ceramic is also harnessed in construction industry as building material (e.g. for ceramic floor and wall tiles, for various building bricks and hollow blocks). The global volume of construction and demolition waste is dominated by red ceramic waste [9, 10, 11] . It was proven that the most promising recycling process of red ceramic waste is utilizing it for concrete production as coarse aggregate [12] . Worldwide, there is a significant and growing research effort to efficiently use ceramic waste in construction industry [13] . Replacing natural coarse aggregate by waste ceramic aggregate is one of a rapidly developing recycling technology. Waste ceramic aggregate significantly influences the homogeneity of mechanical characteristics of cast concrete. Populations of test results (of any tested property) of any concrete based on waste ceramic are characterized by significantly higher standard deviation [9, 14] . This phenomenon significantly limits possible applications of waste ceramic aggregate concrete. Currently, waste ceramic aggregate concretes are only used for construction elements characterized by less demanding mechanical characteristics. In this context, this research programme aims to contribute to the complex analysis of the effect of red ceramic waste aggregate (RCWA) on fatigue and mechanical fracture properties of fine-grained cement composite. Such properties as: bulk density, flexural strength, compressive strength, fracture toughness and Wöhler curve properties were tested during the research programme. The specimens were tested at six different ages (3, 7, 14, 28, 90 , and 780). The impact of partial and full replacement of natural aggregate by RCWA on fatigue characteristics, mechanical fracture properties and environmental is discussed.
Materials and specimen preparation
Assessment of mechanical characteristics of fine-grained cement composites with RCWA was conducted utilizing mortar test specimens made in standard steel moulds (40 mm × 40 mm × 160 mm). CEM I 42.5 R was used as a binder. A reference composite was prepared using mix proportions of a standardized mortar for cement tests (w/c = 0.5). The volume composition of the mortar is presented in Fig. 1 . All studied mixtures were prepared using a small laboratory mixer for mortars. The amount of cement, water and admixture was equal to 450 g, 225 g and 5 g respectively for one batch (allowing casting of three specimens). These amounts were constant for all cast composites. No adjustment of fresh batches on the level of uniform value of plasticity or workability was carried out. Due to the fact that porous and dry red ceramic sucks the water whenever possible, it is impossible to assess the real composition of the mix and subsequently the value of w/c ratio. During the current research programme admixture was used to maintain the similar workability of all the mixes but the amount of water absorbed by the RCWA is unknown. One may argue that the fresh mortars had to have different w/c influencing the strength values of individual batches. In authors opinion it is a combined effect of a difference in value of w/c and internal curing which is happening afterwards. Basically, the more water is sucked by RCWA the lower value of w/c, hence the larger strength of hardened composite, and larger scale of internal curing also influencing strength characteristics. The initial amount of natural sand was equal to 1350 g. The procedure for mixture preparation and compaction of a standardized cement mortar was used for preparation of all mixes. The volume of each mixture was equal to 30 dm 3 . Immediately after mixing, fresh mixture was poured into steel moulds. The prism specimens with nominal dimensions of 40 mm × 40 mm × 160 mm were prepared for testing. The specimens were demoulded at the age of 24 hours and placed in a water tank with constant water temperature of 20 ± 1°C. They were cured in these conditions until the tests were performed. The specimens were firstly used for the flexural test. The remaining halves of the specimens after flexural strength tests were subsequently used for compressive strength tests. Easy compaction of fresh mixture is an important property enabling achieving the maximum possible strength of any cement composite. It was observed that in case of mixtures with RCWA, workability is deteriorating with the increasing amount of added RCWA. This phenomenon was described by Rashid et al. [16] The decrease in workability is partially caused by RCWA being capable of absorbing significant amount of water [8, 17] due to porosity. Other reason for the reduction of the workability is shape of the RCWA [17] . The amount of water required for maintaining the fluidity of fine-grained cement composite only with RCWA is very high. Therefore, the maximum volume of natural aggregate replacement by RCWA was limited to 493 g/1350 g (see Table 1 ). To ensure desired workability, all mixtures were modified by the addition of a commercially available superplasticizer based on polymers and characterized by density of 1.07 kg/dm 3 and pH equal to 4.4 ± 1.0. Designers of civil engineering structures use or refer to the composite 1 design curve as the lower bound for their analyses. It is well known [18] that cement industry produces a significant amount of CO 2 . Ultimately, the produced CO 2 affects the environment. Therefore, environmental impact of fine-grained cement composite is evaluated using the volume of raw materials: cement, sand and RCWA aggregate etc. In studied mixtures of fine-grained cement composites with RCWA, volume of raw materials is calculated by using data from Table 1 and normalized with the control specimen.
The volume of raw material is reduced almost linearly with the increase in RCWA. About 20 and 25 % reduction is observed with 30 and 36% replacement of natural aggregate by RCWA, respectively (see Fig. 2 ). 
Methods of testing
The flexural and compressive strength tests were conducted in compliance with EN 196-1. The flexural strength tests were conducted using a three point bending test (3PBT) on prismatic specimens (40 mm × 40 mm × 160 mm). The compressive strength test was conducted on halves of prismatic specimens remaining after performing flexural strength tests. For calculation of fracture toughness values, the data from 3PBT was evaluated. The 3PBT was successfully used for such evaluations by numerous researchers [19, 20 21] . Notched (by a diamond blade saw) prism specimens with nominal dimensions 40 mm × 40 mm × 160 mm are prepared for the test. The notch must keep a crack -length relation equal to 0.1. The span length for this test is equal to 120 mm. During the test, the maximum values of force were recorded. Then linear elastic fracture mechanics (LEFM) equation was used [22] :
where: a -crack length, W -width of a specimen, fdimensionless functions for ratio span/width = 3 is Eq. (2) 
used by Wu [23] , Karihaloo [19] , Tada [22] , etc.
where: S -span, P -force, B -thickness, W -width of a specimen.
When the force reaches maximum value P max the value of the stress intensity factor K I is called fracture toughness K IC . Fatigue properties were also gained from 3PBT. The depth of the notches was 4 mm for fatigue tests. The fatigue tests were carried out at the Laboratory of High-cycle Fatigue Group at the Institute of Physics of Materials at Brno University of Technology. The controlled values for temperature and relative humidity were equal to 22 ± 2°C and 50 % ± 2 % respectively. The fatigue experiments were carried out using a computer-controlled servo-hydraulic testing machine under load control. The stress ratio R (defined as quotient of minimum P min and maximum P max load of a sinusoidal wave in each cycle) was equal to 0.1. The load frequency used for all tests was equal to 10 Hz. Fatigue endurance limit was determined on the basis of an S−N curve. The limit of 2 × 10 6 cycles to fracture was used to consider the applied stress amplitude as safe for loading during the whole component lifetime. The testing procedure based on applying cyclic loading with defined stress amplitude to determine the number of cycles to the fracture was described by multiple researchers [24, 25, 26] .
Results and discussion
The bulk density of all hardened composites after 28 days of curing is presented in Fig. 3 [27, 28] . One of the advantage of using the RWCA is that the value of bulk density slightly decreases with an increased amount of RWCA used as a replacement of natural aggregate.
Mixtures with natural aggregate are characterized by higher bulk density due to weight of aggregate in comparison with RWCA. Bulk density of reference mixture is equal to 2270 kg/m 3 . The bulk density of the composite with the maximum amount of RWCA is reduced by 7 % in comparison to a composite with no RWCA. Similar trends have been described by Medina et al. [17] . The obtained results from the flexural test and adequate coefficient of variation (CoV) are presented in Table 2 .
The mean values and coefficients of variation are introduced for specimens at the age of 3, 7, 14, 28, 90, and 180 days. It is observed that flexural strength increase with age. For specimens of age from 3 to 28 days, there is observed expected increase of about 10−15 % in the flexural strength (for mixture 6 it is only 6 %). From 28 to 180 days of specimens' age, increase in the flexural strength of 24−30 % was observed for all mixtures. Mixtures with RCWA yielded higher flexural strength in comparison with the control fine-grained cement composite (mixture 1) for the same specimens' ages. It is worth noticing that with the increasing substitution rate of natural aggregate with RWCA the flexural and compressive strength increase with increasing age of the specimens. The obtained results from the compressive strength test are mentioned in Table 3 . The mean values and coefficients of variation are introduced for specimens at the age of 3, 7, 14, 28, 90, 180, and 780 days. It is observed that the compressive strength increases with the increasing specimens' age. For specimens 3 to 28 days, about 28−37 % increase in the compressive strength is observed for all mixtures, similar to the results described by Rashid et al. [16] . For specimens 28 to 780 days of age, increase in the compressive strength is between 17−27 %, but major increase was happening at the age of around 90 days. At all testing periods, RCWA mixtures are yielded higher compressive strength than the control finegrained cement composite mixture 1.
The improvement in mechanical properties (flexural and compressive strength) with addition of RWCA is achieved due to the rough shape of ceramic waste aggregate and hence providing more surface area [29] . The obtained results of fracture toughness for fine-grained cement composite with RCWA at the age of 28 days according to equation 1 are presented in Table 4 . The increase in fracture toughness is 25 % (for mixture 6). It is worth noticing that fracture toughness for mixture 2 and 6 is characterized by the highest value of the CoV (around 10 %).
The fatigue experiments usually last for a long time, which is problematic from the point of view of the ageing of the specimen material. Because of this, the data obtained from the fatigue tests were standardized to a specimens' age of 28 days. Selected approximation curves (Table 5 ) obtained from compressive strength values over time were used for this purpose. The used procedure was described in details by Šimonová et al. [26] . The measured values of compressive strength were divided with mean value at the age of 28 days (see respective column in Table 3 ) and this way the relative values for all investigated ages of specimens were obtained. These values were then approximated by the selected function:
where: x -time in days; y -the dimensionless relative value of the compressive strength; a -coefficient representing an asymptote to the approximation curve expressed as the ratio between the theoretical value of the compressive strength at the age t = ∞ and the determined mean value of compressive strength at the age of 28 days; b, c, d -coefficients expressing the extent of the time-dependent change of compressive strength in the interval t = (0, ∞), which is generally dependent on the parameters of the used mixture and also on the conditions of the environment in which the specimens are stored. Approximation was performed with nonlinear least-square method provided by genetic algorithms implemented in the open source Java GA package as proposed by Frantík [30] . The coefficients of approximation curves of individual series are presented in Table 5 . The formula for fitting the experimentally obtained data from fatigue test used in this paper is based on empirically derived S-N diagrams known as Wöhler curves:
where: a, b -the material constants characterising the S-N curve.
In an ideal, theoretical case, all specimens at a certain stress level would fail after the same number of cycles. However, the fatigue behaviour of heterogeneous material like fine-grained cement composite is far from being ideal, so the results are usually highly scattered. Accordingly, it is necessary to determine not only the analytical expression of the relevant S-N curve but also a measure of the scatter, such as the coefficient of determination R 2 . According to the equation (5), the power functions and the coefficient of determination for individual series are introduced in following figures (Fig. 4-9) . The crosses represent measured data and diamonds represent data standardized at the age of 28 days.
To have a clear view how replacement of natural aggregate by RCWA influences fatigue life, the endurances of all specimens standardized at the age of 28 days are presented in Fig. 10 . It can be seen that the fatigue endurances for fine-grained composites with RCWA are consistently higher than reference composite 1 notably in the long life regime (2 × 10 6 cycles). Basically, with increasing amount of RCWA substitution of natural aggregate the fatigue endurance increases. This trend is as expected from the mechanical analysis because fine-grained composites with RCWA show higher flexural strength.
Conclusions
The results of this study indicate that the use of RCWA as a replacement for natural aggregate in fine-grained cement composite is certainly feasible and the following conclusions can be drawn from the research programme described in the paper:
1. Mixtures with RCWA allow to achieve the flexural strength, compressive strength and fracture toughness of a cement composite higher than in case of ordinary natural aggregate. 2. With increasing substitution rate of natural aggregate with RCWA the composites bulk density decrease, however, its workability reduces as well. 3. With 36 % replacement of natural sand with RCWA (composite 6) the best fatigue and mechanical fracture properties were achieved. 4. A further study of the influence of the RCWA should be done in order to reveal toughening mechanisms of quasi-brittle materials of this kind.
